We have characterized and visualized the binding of 12SI-labeled transferrin to sections of rat brain. This saturable, reversible, high-affinity (Kd = 1 X 10-9 M) binding site appears indistinguishable from transferrin receptors previously characterized in other tissues. Moreover, a monoclonal antibody raised to rat lymphocyte transferrin receptors could immunoprecipitate recovered intact transferrin solubilized from labeled brain slices, indicating that labeling was to the same molecular entity previously characterized as the transferrin receptor. The pattern of transferrin receptor distribution visualized in brain with both 125I-labeled transferrin and an anti-transferrin receptor monoclonal antibody are almost indistinguishable but differ from the pattern of iron distribution. Iron-rich brain areas generally receive neuronal projections from areas with abundant transterrin receptors, suggesting that iron may be transported neuronally. However, many brain areas with a high density of transferrin receptors appear unrelated to iron uptake and neuronal transport and form a receptor distribution pattern similar to that of other known neuropeptides. This "neuropeptide-like"' distribution pattern suggests that transferrin may have neuromodulatory, perhaps behavioral, function in brain.
Transferrin is the principal iron-carrying protein of the plasma, the chief function of which is to transport iron throughout the vertebrate body. Iron is taken up by cells after transferrin binds to a specific cell surface receptor (1-3) and the transferrin-receptor complex is internalized (4) (5) (6) . Transferrin receptors have been demonstrated on numerous cell types (7), including brain (8) , and their expression appears to be associated with cell growth (3, (9) (10) (11) and differentiation (12) (13) (14) (15) (16) . Recently, transferrin receptors have been localized on the endothelial surfaces of brain capillaries (17) suggesting a means through which transferrin (and therefore iron) can be transported from plasma to the cells of the brain.
Iron is unevenly distributed in the rat brain (18) , increases with age (19) (20) (21) , and occurs in high concentrations in the circumventricular organs, globus pallidus, ventral pallidum, interpeduncular nucleus, substantia nigra, superior olive, and cerebellar nuclei (18) . Although iron is localized in neurons in some brain areas, most sites accumulate in oligodendrocytes (18) . The purpose of the large accumulation of iron in the brain is not well understood. A recent study, however, provides evidence that the presence of iron in some brain areas is related to the utilization of y-aminobutyric acid (GABA) (22) .
The purpose of the present work is to characterize and determine the distribution of the brain transferrin receptor with autoradiography (36) and to compare its pattern of distribution to that of iron in the rat brain.
MATERIALS AND METHODS
Male Sprague-Dawley rats (200-250 g) were decapitated and their brains were immersed in 2-methylbutane at -40'C, mounted on cryostat chucks, and cut into 32-,um coronal, horizontal, or sagittal sections at 14'C. Sections were thawmounted on gelatin-coated microscope slides and stored overnight under vacuum at 40C.
The sections, two per slide, were preincubated in two (17)]. After four 5-min rinses in Hanks' balanced salt solution at 40C and a second incubation 30 min at 200C in 125I-labeled goat anti-mouse immunoglobulin (100,000 cpm/ml, New England Nuclear), the sections were transferred through four 5-min rinses, dried under a stream of cold air, and exposed to LKB Ultrofilm. After 1 week, the film was developed as described above.
The preparation of tissue for iron histochemistry was performed as described (18) .
RESULTS
To optimize the ratio of specific to nonspecific binding for I251-transferrin to slices of brain tissue, the effects of various preincubation and incubation conditions at several brain levels were studied. Under the optimal conditions outlined above, 70-75% of the total binding ofI251-transferrin (0. previously reported for rat (16) , mouse (4), and human (5) cells. Also, 1251-transferrin binding to rat brain slices was reversible because the addition of excess (10 ,uM) transferrin after 4 hr of incubation displaced almost 80% of the labeled transferrin within 10 min and essentially 100% by 40 min, with a tjn of 7 min (data not shown).
To further characterize these binding sites as specific receptors for transferrin, we have used monoclonal antibodies previously shown to bind to either rat (17) or human (10) transferrin receptor. That the radioactivity we recovered from the brain slices was in fact intact 125I-transferrin can be seen (Fig. 3) The pattern of distribution of l25l-transferrin binding sites is illustrated in Fig. 4 (A, C, E, G, I , K, M, and 0); Table 1 lists the brain areas according to receptor density. Binding sites are frequently more dense in the superficial molecular layers of laminated structures as is evident in the olfactory bulb (A) olfactory tubercle (C), pyriform cortex (C), dentate gyrus (I, K), hippocampus (I, K), and cerebellar cortex (0).
Microscopic examination of emulsion-coated slides reveals that receptor binding sites occur throughout the neuropil as well as over the cell bodies of neurons, glial cells, and capillary endothelial cells.
Photomicrographs of brain sections stained for iron histochemistry at approximately the same levels as the sections showing transferrin binding sites are shown in Fig.  4 (B, D, F yielded by the monoclonal antibody to the rat transferrin receptor. In this independent method, the pattern of binding of anti-transferrin receptor antibody (Fig. 5) is almost identical with the pattern produced by 125I-transferrin at every level of the brain observed. Fig. 5 is at the same level as Fig. 4K and the pattern of binding is the same in both. The failure of the monoclonal antibody to bind in the superficial grey of the superior colliculus may reflect an apparent heterogeneity of transferrin receptors in this area.
DISCUSSION
By using 125I-transferrin and a specific monoclonal antibody to the rat transferrin receptor, we have demonstrated the presence of specific and dissociable high-affinity receptors for transferrin in brain tissue. Although binding was rapidly reversed, the relatively long period of incubation required to approach equilibrium (Fig. 1) as well as the temperature dependency of binding suggest that uptake (4) may also be a component in this system. Whatever the underlying basis of binding may be, we show that it occurs through specific transferrin receptor mechanisms, because bound radioactivity competes with transferrin but not with irrelevant proteins such as albumin; bound radioactivity is electrophoretically identical to native 125I-transferrin (Fig. 3) ; bound radioactiv- (24) of LKB films exposed to sections from several levels of brain from two rats. Within each group (e.g., high, moderately high) differences in density were slight. Therefore, brain areas are not listed in rank order but in rostral-caudal position. Abbreviations (in parentheses) and plate designator (italicized) of those brain areas shown in Fig. 4 body binding in brain is almost identical (Figs. 4K and 5) .
In addition to its role in iron transport, one aspect of transferrin receptor biochemistry of current interest is its correlation with cell activation and proliferation (2, 3, 10) . The sites of dense transferrin receptors in the brain could correspond to areas of activated or dividing glial cells. However, this explanation for the presence of transferrin receptors in the brain would not account for the fact that transferrin receptor distribution does not correspond to the distribution of iron in the rat brain. Although the interpeduncular nucleus has both a high iron concentration and numerous transferrin receptors, no other iron-rich area of the brain has an abundance of transferrin receptors. Furthermore, the areas with dense transferrin receptors have little or no stainable iron. Although iron does not accumulate in the sites in which iron transferrin is taken up, with the exception of the circumventricular organs, the areas with a high concentration of iron receive neuronal input from sites with dense transferrin receptors. The following examples illustrate this point. The medial habenula, the area with the most dense transferrin receptors, projects to the iron-rich interpeduncular nucleus (25) . The iron-rich areas of the ventral pallidum, globus pallidus, and substantia nigra receive input from the nucleus accumbens and the caudate putamen (26, 27) -areas with abundant transferrin receptors. The pontine nuclei, rich with transferrin receptors, send efferents to the granular layer of the cerebellum (28), the iron-accumulating area of the cerebellar cortex. The molecular layer of the cerebellum has dense transferrmin receptors and is the site of arborization of the Purkinje cells of the cerebellum (29) . These cells terminate in the iron-rich deep cerebellar nuclei (28) . The ventral cochlear nucleus, a site with dense transferrin receptors, projects to the superior olive (29) , which accumulates much iron. The fact that iron-accumulating areas of the brain are efferent to areas of high transferrin receptor density suggests that these sites receive iron through neuronal transport. The presence of receptors in the neuropil, especially in the molecular layers of laminated brain regions, provides the anatomical substrate for iron transferrin to be internalized by the dendrites of neurons, which could then transport the iron to axon terminal fields where it could subsequently be released and stored in oligodendrocytes. Additional support for this proposal comes from the work of Dienel and Ptilsinelli (30) , in which the distribution of 59Fe in the rat brain 5 hr after injection into the tail vein is the same as the pattern of trarisferrin receptors shown here. This suggests that iron primarily gains entrance to the brain through the transferrin receptors and that iron must then be transported to the sites where it accumulates. The fact that a transferrin-like protein has been localized to neurons and their axons (31, 32) , as well as to oligodendrocytes (33) , suggests that iron may be transported and stored 4556 Netirobiology: HIM et al.
in glial cells in the form of iron transferrin. It is not known, however, whether the iron released at axon terminals and taken up by glia is bound to transferrin or is in some other form.
It is not clear how the neuronal transport of iron functions in brain metabolism. However, many iron-rich sites of the brain are areas in which GABA neurons terminate and the iron accumulation in these areas could be involved in GABA utilization (22) , suggesting that iron, or the iron-transferrin complex, is involved in some aspect of GABA synthesis or transport.
We emphasize that transferrin receptors are abundant in areas that are not known to project to iron-rich areas of the brain (e.g., olfactory bulb, septum, dentate, gyrus, amygdala). The pattern of receptor distribution formed by these areas is strikingly similar to that found for other known neuropeptide receptors. Neuropeptide receptors are characteristically enriched in several "nodal points" in the brain, many of which are related to the limbic system (e.g., hippocampus, amygdala), which regulates mood (34) . The "neuropeptide-like" distribution of those transferrin receptor sites unrelated to iron transport, along with the fact that transferrin is synthesized by adult brain (35) , unexpectedly suggests that transferrin, in addition to transporting iron, may modulate behavior like other neuropeptides.
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